Abstract-A novel fiber-optic hydrophone based on a dualpolarization, short-cavity fiber grating laser as the sensing element is described. Wet chemical etching was used to fabricate a thinned fiber sensor to extend its frequency response as well as spatial resolution. The lateral beam profile at the focal plane of a 40-MHz lens-focused lithium niobate (LiNbO 3 ) transducer was measured with the fiber sensor, and a tomographic technique was used to compute the transducer profile, which is compared with that obtained by a PVDF hydrophone. The fiber hydrophone has a sensitivity of approximately −259 dB re 1V/μPa up to 40 MHz, which is higher than that of a commercial PVDF hydrophone. Moreover, it is capable of accurately characterizing the beam generated by high-frequency transducer.
I. Introduction U ltrasound is frequently used in clinical imaging and has become indispensable in the disciplines of cardiology, obstetrics, and gynecology. medical imaging at frequencies higher than 20 mHz has become very important in clinical applications that require high resolution [1] , [2] . For characterizing such ultrasonic equipment and assessing the safety of patient exposure, considerable effort has been put into developing high-performance ultrasonic hydrophones.
conventional PVdF or P(VdF-TrFE) hydrophones have been widely used in medical ultrasound for measuring output from ultrasonic imaging/ therapeutic equipment [3] , [4] . These hydrophones provide good sensitivity as their acoustic impedances are close to the load medium (i.e., water and human tissues). However, when the ultrasound frequency is increased, the size of the hydrophone needs to be decreased. With the sensing element smaller than a fraction of 1 mm, the sensitivity diminishes significantly. The electrical impedance matching and cable shunting also become problematic and a specially designed buffer amplifier has to be placed adjacent to the tiny sensing element. recently, fiber-optic hydrophones have been explored as alternatives for the detection of ultrasound. Fiber-optic sensors have many advantages over conventional hydrophones, including immunity from electromagnetic interference, intrinsic safety, small size, light weight, and capacity to multiplex with negligible crosstalk between the sensors. Fiber-optic hydrophones based on interferometric and polarimetric approaches [5] − [8] , as well as fiber bragg grating [9] , [10] , have been reported by others.
We have demonstrated and patented [11] a novel fiberoptic hydrophone with a dual polarization distributed bragg reflector (dbr) fiber laser as the sensing element [12] , [13] . The detection principle of the fiber-optic hydrophone is based on the modulation of the birefringence of the laser cavity by acoustic pressure. consequently, the beat frequency of the 2 orthogonal polarization modes of the fiber grating laser is induced in response to the high-frequency ultrasound. It should be capable of measuring high-frequency ultrasound up to several tens of megahertz. This technique greatly simplifies signal extraction, avoiding the use of the unbalanced interferometer and phase modulator required in hydrophones based on pseudoheterodyning fiber grating lasers [10] , [14] .
In this paper, we report the use of a wet etching technique to reduce the diameter of a dual polarization dbr fiber laser to enhance its spatial resolution and extend its frequency response. The beam profile measurement of a high-frequency focused transducer is made with this thinned fiber sensor, and a tomographic reconstruction of the acoustic field in a plane perpendicular to the beam is performed. The result is compared with that obtained by a PVdF hydrophone.
II. Theory

A. Operating Principle of the Fiber Grating Laser Sensor
The operating principle of the proposed fiber grating laser hydrophone is based on the anisotropic index changes (i.e., birefringence) induced by acoustic pressure. Fig. 1 shows the basic configuration of a fiber grating laser. The diameter of the phosphosilicate Er/yb core is 4.66 μm and the b-Ge-si photosensitive annulus has an outside diameter of approximately 16 μm. Two fiber bragg gratings (FbGs) with identical reflection wavelengths of ~1550 nm are written in the photosensitive fiber to create an in-fiber cavity. The fiber grating laser operates over 2 orthogonal polarization modes because of the fiber birefringence in- troduced during fiber fabrication and grating inscription. For a low birefringent fiber (n s ≈ n f ≈ n, where n s,f are the modal refractive indexes), the beat frequency can be expressed as
where ν is the lasing frequency and B = n s − n f is the induced birefringence. a polarizer is used to align these 2 polarization modes in the same state and the polarization beat frequency Δν of the laser can be generated. The beating signal is directed to a photodetector and measured with a commercial rF-spectrum analyzer. When the laser cavity is subjected to an acoustic field, its refractive index is changed due to the photoelastic effect of the fiber. For an acoustic wavelength comparable with or much smaller than the fiber diameter, the acoustic pressure induces refractive index change along and perpendicular to the direction of the acoustic wave, thus changing the fiber birefringence. The induced change in birefringence is given by [7] :
where k is a constant depending on the acoustic frequency and the photoelastic coefficients and refractive index of the fiber; p and ω are the amplitude and angular frequency of the acoustic pressure, respectively; and θ is the angle between the slow axis of the fiber and the propagation direction of the acoustic wave. Hence, the frequency modulation of the beat carrier produced by fiber laser is the result. by measuring the frequency shifts and amplitudes of the upper and lower sideband frequency components of the laser output with a high-speed photodetector and rFspectrum analyzer, the frequency and amplitude of the acoustic signal can be determined. In most practical situations, the acoustic pressure along the fiber sensor is not uniform. Provided that the fiber is parallel to the acoustic wavefront (i.e., the line of constant phase), the induced beat frequency change is given by
where L is the length of the laser cavity. Therefore, the laser output of the sensor is the line integral of the acoustic pressure amplitude across the laser cavity.
B. Tomographic Reconstruction
For the beam profile measurement, the fiber is scanned across the ultrasonic beam in a plane normal to the beam axis, and a parallel projection P φ (D) at a given angle is obtained (as shown in Fig. 2 ) along the axis D described by the expression D = x cos φ + y sin φ. The measured projection P φ (D) is formed by combining a set of line integrals of acoustic pressure along the length of the laser cavity. Provided that the laser cavity is long enough to intercept the whole beam, the tomographic reconstruction of the pressure profile P(x, y) is performed using the filtered backprojection algorithm [15] with the shepp-logan filter. The measured projection P φi (D) is first filtered. The filtered projection Q φi (D) is obtained by:
where τ is the sampling interval of the projections, and
is the shepp-logan filter, which is actually the convolution of ram-lak filter [16] with sinc function. The shepplogan filter is chosen to reduce the noise because of the laU ET al.: focused transducer with a fiber grating laser hydrophone roll-off at higher frequency. The reconstructed pressure profile is obtained by the backprojection of the filtered projections:
where N p is the number of projections uniformly distributed over 180°.
III. EXPErImEnTs
A. Fabrication of Thinned Fiber Sensor
a pair of 1551-nm bragg gratings with a separation of 17.5 mm was written in a Er/yb co-doped fiber to construct the dbr fiber laser. The length of one grating was 10 mm with a reflectivity over 99%; the other one was 3 mm long with a reflectivity of around 90%. To enhance the spatial resolution of the fiber sensor, thinning of the fiber cladding layer was achieved by wet chemical etching. The dbr fiber laser was fixed on a Teflon frame and then immersed in a 24% hydrofluoric acid HF solution. The acid bath was kept at constant temperature of 30°c, allowing an etching rate of ~1 μm/min. The fiber would become difficult to handle if too much of the cladding layer was etched away; in this case the diameter of the fiber laser was reduced to ~63 μm.
B. Sensitivity and Beam Profile Measurement
a schematic diagram of the experimental setup is shown in Fig. 3 . Photographs of the fiber and PVdF hydrophone are shown in Fig. 4 . both the transducer and the fiber laser sensor were placed in a tank filled with distilled and degassed water. The transducer was a single-element 40-mHz linbo 3 device [17] incorporating a lens for focusing and 2 matching layers for acoustic matching. It had an aperture size of 3 mm and a focal length of 9 mm. The transducer was driven at its center frequency to generate an ultrasonic wave.
The fiber laser sensor was excited by pumping with a 980-nm semiconductor laser via a 980/1550 wavelengthdivision-multiplexer (Wdm). 1550-nm laser light was emitted from both ends of the fiber laser. most of the output was emitted from the 3-mm FbG end and directed to the 1550-nm port of the Wdm. an optical isolator (Iso) was placed in front of the photodetector to reduce any unwanted reflection back to the fiber laser. The beat signal was generated using a polarizer to align the 2 polarization modes in the same state and directed to the photodetector (Pd). according to (2) , the maximum ΔB value can be achieved at θ = 0 or 90°, suggesting that either of the polarization axes of the fiber should be aligned in the propa- gation direction of the acoustic wave. rotation of the fiber about its axis was made to maintain the maximum sensitivity throughout the experiment. an rF-spectrum analyzer connected to the Pd was used to record the received signal S of the fiber sensor, expressed in dbm (relative to P o = 1 mW), which can be converted into voltage by:
where R is the input impedance of the spectrum analyzer ( = 50 Ω).
To determine the sensitivity of the fiber hydrophone, a needle-type PVdF hydrophone (element size of 40 μm, Precision acoustics ltd., dorchester, UK) with known sensitivity was used to measure the acoustic pressure p at the same testing distance. The sensitivity of the fiber hydrophone was calculated by:
where M is expressed in terms of db relative to 1 V/μPa. For the beam profile measurement, the fiber sensor was also positioned at the focal point of the transducer. The lateral beam profile of the transducer was then measured by scanning the fiber sensor at a 10-μm step across the ultrasonic beam in the plane perpendicular to the beam propagation direction (X-Z plane as shown in Fig. 3 ). For comparison, the PVdF hydrophone was also used to measure the transducer beam profile.
IV. results and discussions
The beat signal spectra of the fiber laser sensor recorded by the spectrum analyzer are shown in Fig. 5 . It can be seen that a beat signal (at f = 1.02 GHz) with a carrier-to-noise ratio of about −70 db was recorded when the fiber laser was pumped by a 980-nm semiconductor laser with the power of about 46 mW (Fig. 5a ). The output power of the dbr fiber laser was 2.5 mW. during the measurement, the fiber was subjected to the ultrasound generated by the focused transducer in continuous mode, with both the upper and lower sidebands observed (Fig.  5b) . The sensitivity of the fiber hydrophone was determined by a comparison method in which the received signal [converted into voltage by (7)] was compared with that of the PVdF hydrophone with known sensitivity, with the result shown in Fig. 6 . The frequency response of the fiber hydrophone varied within ±2 db in the frequency range of 35 to 42 mHz. In comparison with the PVdF hydrophone, the fiber hydrophone showed higher sensitivity.
by scanning the fiber hydrophone across the ultrasonic beam generated by the transducer, the parallel projection profile was obtained (Fig. 7) . In this work, the transducer was rotated 6° per step over a span of 180°, thus making 30 projections measured with the fiber sensor. The reconstruction of the ultrasound pressure field was then performed using the filtered back-projection algorithm with the shepp-logan filter. For comparison, a PVdF hydrophone was also used in characterizing the lateral beam profile. The peak pressure at the focus of the transducer was found to be 2.3 mPa when the transducer is excited by a Panametrics pulser/ receiver model 5900Pr at a 1 μJ setting. Fig. 8 shows the reconstructed pressure profile and the corresponding profile obtained by the PVdF hydrophone. It can be seen that the 3-db beam width (at the normalized amplitude decreased to 0.71) measured by both the fiber and PVdF hydrophones match fairly well, indicating that this fiber sensor is capable of measuring the beam profile of a high-frequency transducer.
V. conclusions a thinned fiber-optic acoustic pressure sensor that employed a dual polarization short-cavity fiber laser has been demonstrated. based on the modulation of the birefringence of the in-fiber laser by acoustic pressure, the sensor is capable of detecting ultrasound up to a frequency of 42 mHz with good sensitivity (approximate −259 db re 1V/μPa). With its small diameter (~63 μm), the fiberoptic sensor can be used for accurate characterization of narrow beam width generated by highly focused transducers or transducer arrays used in medical imaging.
references Fig. 7 . normalized signal output from the dbr laser sensor as a function of the lateral displacement in a plane normal to the beam propagation direction. Fig. 8 . normalized beam profile of the focused transducer in the focal plane. The symbol is the profile reconstructed from the fiber sensor data and the solid line is the profile obtained by using the PVdF hydrophone.
